By thermal oxidation of initially birefringent porous silicon, highly optically transparent films of porous silicon oxide are produced. These films exhibit strong in-plane birefringence, which is twice as high as that of crystalline quartz. The experimentally measured refractive indices for ordinary and extraordinary waves in oxidized porous silicon are explained in terms of an effective-medium model by taking into account the form anisotropy of preferentially oriented pores in a silicon oxide matrix. The third-harmonic generation efficiency studied as a function of the pump wavelength suggests that the form birefringence of porous silicon oxide films can be used to phase match the nonlinear optical interactions.
I. INTRODUCTION
A controllable synthesis of novel materials with tailored structural, electronic, and optical properties is one of the grand challenges of nanotechnology. 1 There are several wellestablished routes to produce these materials, one of them involving the assembly of nano-objects, whose electronic and optical properties are controlled not only by interatomic interactions, but also by the size, shape, and arrangement, as well as by their filling factor in a composite material. Ordered structures and photonic media formed by polymer, 2 dielectric, 3 semiconductor 4 nanoparticles and/or voids and pores in dielectrics 5 and semiconductors 6 are now finding various applications in photonics, micro-and optoelectronics, biology, etc.
Form birefringence 7 induced in an initially isotropic material by arrays of anisotropic nano-inclusions opens a window of exciting new opportunities to modify optical properties of materials. Significant birefringence has been recently demonstrated in the mid-infrared region for two-dimensional photonic crystals made of silicon. 6 During the electrochemical etching of crystalline silicon ͑c-Si͒, the nanopores preferentially propagate along ͗100͘ crystallographic directions, 8 which leads to a strong optical anisotropy of formed porous silicon ͑PS͒ film. 9 PS is a promising material for a variety of polarization devices and all-optical-switching elements based on nonlinear optical interactions, whose efficiency can be dramatically enhanced in these materials because of the phase matching 10 or an increase of the nonlinear-optical susceptibility. 11 However, the effects of significant absorption in the visible range of the spectrum and the aging of PS structures in air limit the scope of potential applications of PS.
Thermal oxidation of PS removes the above-mentioned limitations since oxidized porous silicon ͑OPS͒, which is presumably composed of silicon oxide nanoclusters, is transparent in the visible and near-infrared spectral ranges and is much more stable in ambient air. 12 Thus, OPS is a very promising material from a practical viewpoint. Its porous structure inherited from the initial PS allows embedding different molecules and nanostructures in its pores, which demonstrates a thrilling possibility of exploring a new class of nanocomposite structures for sensors, optical engineering, and nonlinear optics. The latest developments in optical-gain structures based on silicon nanocrystals in silicon oxide matrix 13 and low-k materials 14 stimulate a further interest in silicon oxide nanocomposites. It is also important that, since both PS and OPS are silicon-based materials, they can be readily integrated into standard silicon-based electronic technologies.
The distinctive feature of the OPS structure presented here is that, although it consists of amorphous nanoclusters, its network of preferentially oriented pores gives rise to the optical anisotropy. This form birefringence is the main subject of this work. In what follows, we will examine unique properties of OPS for both linear and nonlinear optical applications. In particular, the OPS birefringence is used to phase-match third-harmonic generation, allowing a radical enhancement of the process.
II. EXPERIMENT
The initial PS films were grown by electrochemical etching of boron-doped ͑110͒ c-Si ͑1-5 m⍀ cm͒ in C 2 H 5 OH:HF=1:1 solution with a current density ranging from 20 to 85 mA/ cm 2 ; the thickness of the films determined by an optical microscope was 30-40 m depending on the etching parameters. The PS films had a strong inplane birefringence. 9, 10 Free-standing PS films were detached from the substrate by applying a short high current ͑700 mA/ cm 2 ͒ pulse. Oxidation of the free-standing PS films was carried out in air in two steps: ͑1͒ stabilization at temperature of 600°C for 2.5 h and ͑2͒ complete oxidation at temperature of 950°C for 2.5 h. As a result of this oxidation procedure, films transparent in the visible spectral range were produced. Porosity of the OPS films increased with the etching current density rise and ranged from 20% to 60%. The x-ray diffraction analysis shows a broad ring in the x-ray diffraction pattern, pointing to the amorphous nature of the OPS samples ͑Fig. 1͒.
To characterize the optical properties of the formed OPS films we used a Perkin-Elmer RX-I FTIR spectrometer. Transmission spectra for IR radiation polarized by a metalgrid polarizer demonstrated pronounced interference fringes. The positions of the maxima in these fringes are described by a well-known equation, 2nd = m, where n is the refractive index, d is the sample thickness, is the wavelength. Using this expression and taking into account the interference order m, we determined refractive indices for ordinary and extraordinary waves as well as their optical dispersion ͑see Ref. 15 for details͒. The birefringence in the nearinfrared and visible ranges was calculated through the transmission spectra measurements for the OPS film placed between parallel and perpendicular polarizers, with the optical axis oriented at 45°to the polarizer axes. 6, 11, 15 The third harmonic ͑TH͒ was generated by an idler wave ͑with a wavelength ranging from 1.0 to 1.9 m, a pulse duration of 3 ns, an energy up to 30 mJ per pulse, and a pulse repetition rate of 20 Hz͒ of an optical parametric oscillator pumped by the third harmonic of a Nd: YAG laser. We measured the dependence of the generated TH power on the angle between the optical axis, corresponding to the ͓001͔ crystallographic direction of the initial Si crystal, and the polarization direction of the pump field. All the measurements were carried out at the normal incidence angle of the pump beam with respect to the sample's surface. A GlanTaylor prism placed behind the sample served as a polarization analyzer. This prism was set to transmit the light with the polarization parallel or perpendicular to the polarization of the fundamental radiation.
III. RESULTS AND DISCUSSION
The infrared ͑IR͒ transmission spectra of initial PS and corresponding OPS films are shown in Fig. 2 . Their striking feature is that absorption lines corresponding to Si-H ͑906, 2087, and 2116 cm −1 ͒ and Si-Si bonds ͑ϳ650 cm −1 ͒ vanish as a result of the thermal oxidation process. After the thermal oxidation, Si-O band ͑1075 cm −1 ͒ is transformed into a very broad band stretching from 960 to 1280 cm −1 . The absorption band at 500 cm −1 corresponding to a nonstoichiometric silicon oxide also appears after the annealing. The latter observations indicate that silicon oxide formed as a result of such an oxidation process consists of both SiO and SiO 2 . The interference fringes observed in the transmission IR spectra of the OPS film manifest a high optical quality of the sample.
The OPS films possess a remarkable optical in-plane anisotropy. Figure 3͑a͒ presents typical transmission spectra for the sample placed between two cross-polarizers normalized to the transmission spectra taken for the parallel orientation of these polarizers. 6, 11, 15 . The birefringence strength is characterized quantitatively in terms of the refractive index difference, ⌬n = ͉n o − n e ͉, where n o and n e are refractive indices for ordinary and extraordinary waves, respectively. The ⌬n value is controlled by the porosity of the initial PS film, which in its turn depends on the etching current density ͓Fig. 3͑b͔͒. This parameter rises with increasing porosity and reaches the value of 0.024 for the sample of the highest porosity. The OPS refractive index decreases with the increase in the porosity of the sample, reaching a value of about 1.3. Note that the birefringence strength of OPS exceeds that of crystalline quartz by more than a factor of 2. The detailed analysis of the interference fringes recorded for ordinary and extraordinary waves 15 allowed us to calculate the values of refractive indices for the wavelengths ranging from 2 to 5 m ͓Fig. 3͑c͔͒. One can see that OPS possesses normal dispersion.
The sizes of pores and nanoclusters in PS and OPS are typically much less than an optical wavelength. We can therefore introduce an effective dielectric function, eff , determined by the porosity, p, the dielectric functions of the silicon oxide nanoclusters 1 and pores 2 , and the shape of the constituents. In our previous work, 15 the birefringence of PS has been successfully described with the assumption that both the pores and solid nanoclusters can be treated as similar ellipsoids whose axes are parallel to each other and to the ͓001͔ crystallographic direction. We now employ a similar approach to describe the dielectric function of OPS as well. In the effective-medium approximation ͑the Bruggeman approach 16 ͒, generalized to the case of constituents with form anisotropy, 17 the diagonal effective dielectric function tensor components eff,ii , where i denotes the Cartesian components in principal axes, are expressed through 1 , 2 , and a depolarization factor L depending on the form of the pores and nanoclusters as follows:
͑1͒
Thus, the anisotropy of the nanoclusters and pores results in the anisotropy of eff . As one can see from Fig. 3͑c͒ , the refractive indices calculated with the help of this model are in good agreement with the ones measured in the experiment.
The birefringence of OPS can be caused either by an incomplete Si oxidation, leaving residual Si nanocrystals of strongly anisotropic shape surrounded by silicon oxide shell, or by pore ordering in the amorphous phase. X-ray diffraction and IR spectroscopy did not detect any nanocrystals in our samples. Furthermore, no evidence of Si nanocrystals was found by luminescence measurements, either. We therefore attribute OPS birefringence in our experiments to ordering pores and silicon oxide nanoclusters.
The OPS birefringence gives rise to unique properties of the nonlinear optical response of OPS. We employed the TH generation in OPS, since this process, in contrast to the second-harmonic generation, is dipole-allowed in all materials, including amorphous media. The nonlinear polarization of the medium at the TH frequency,
is governed by the third-order nonlinear susceptibility tensor J ͑3͒ . Here E͑͒ is the electric field at the incident fundamental frequency. As in the case of linear dielectric function, we can characterize the nonlinear-optical susceptibility of a nanocomposite by its effective value J eff ͑3͒ . It is well known that an amorphous medium has only one independent nonzero J components. 18 However, for an ensemble of the spheroids of amorphous material the local fields directed along or across the spheroid axis differ. Following Ref. 19 we get for the J eff ͑3͒ components:
eff,ijkl
where
is the local-field factor. As a result, J eff ͑3͒ tensor has five independent nonzero components. The variation of the TH signal with the azimuthal rotation of the sample can provide us with the information on the symmetry properties and the ratio of J eff ͑3͒ tensor components. 20 Such orientational dependences obtained for parallel and perpendicular polarizations of the fundamental and TH waves are shown in Fig. 4 for different incident wavelengths ranging from 1.0 to 1.9 m. All these orientational dependences demonstrate strong anisotropy of the nonlinear optical signal, which is not expected for the amorphous material. Moreover, the TH signal is expected to vanish for the orthogonal polarizations of the fundamental and TH waves at the normal incidence angle for any isotropic medium.
The above observations can be explained in terms of the birefringence, which plays a crucial role in the TH generation affecting both the symmetry and phase-matching conditions for this nonlinear optical interaction. Indeed, the birefringence of OPS is strong enough to expect the phase matched TH generation. Since OPS is a centrosymmetric medium, TH can be phase matched only in ooe-e interaction, 18 when the TH wave is polarized along the optical axis and the fundamental radiation has both parallel and FIG. 3. ͑a͒ Transmission spectrum of an OPS film placed between cross-polarizers normalized by the spectrum for parallel polarizers. ⌬ is the phase difference between extraordinary and ordinary waves and ⌬n is corresponding birefringence value. ͑b͒ Dependence of the birefringence on the etching current density. ͑c͒ Refractive indices of OPS calculated from the polarized IR transmission spectra. Solid and dashed lines show fits based on the effective-medium approximation ͓see Eq. ͑1͔͒. perpendicular projection of the polarization. Based on the measured dispersion ͓Fig. 3͑c͔͒ and the effective-medium approximation ͓Eq. ͑1͔͒ we are able to calculate the wave vector mismatch ⌬k as follows:
where k i,j are the wave vectors, is the fundamental wavelength, and subscripts i =1,3 correspond to the fundamental and TH waves and j = o, e correspond to the extraordinary and ordinary waves, respectively. The results of our calculations are displayed in Fig. 5 . As one can see, the wave vector mismatch vanishes for the incident fundamental wavelength centered at around 1.05 m.
Let us compare both the magnitude and the orientation dependences of the TH signal for various fundamental wavelengths. For the ooe-e interaction we derive the following TH signal orientation dependence
where is the angle between the optical axis and the polarization direction of the fundamental field ͑see the sketch in polarization factor obtained from the measured refractive indices. Figure 4 demonstrates good agreement of the calculated TH orientational dependencies with the experimental data.
It is worth discussing the dependence of the TH generation efficiency on fundamental wavelength in more detail. The TH signal I 3,Ќ for = 60°is of special interest, because it corresponds to the ooe-e interaction, which allows the phase-matched TH generation to be achieved. Figure 6 presents both experimental and calculated data, which demonstrate almost two-orders-of-magnitude increase of the TH signal with a decrease of the fundamental wavelength from 1.9 to 1.1 m. The drastic rise of the TH signal and good agreement of the calculations with the experimental results manifests the phase matching of the TH generation in OPS. Note that for the thicker samples ͑the results presented in Figs. 4 and 6 are done for the OPS film which is only 35 m thick͒ the effect of phase matching should be even more pronounced, leading to a much more efficient TH generation for the fundamental wavelength of 1.1 m.
IV. CONCLUSIONS
In conclusion, we have demonstrated that despite the amorphous phase predominating in silicon oxide nanoclusters in OPS this material exhibits a strong in-plane birefringence because of the anisotropy form of the pores and silicon oxide nanoclusters. The OPS birefringence is strong enough to compensate for the material dispersion of this material and to phase match TH generation. This form anisotropy dramatically modifies the polarization properties of the TH, opening a window of opportunities to create novel silicon-based nonlinear-optical and photonic devices. The transparency of OPS in the visible range and its robustness with respect to the aging makes OPS structures promising hosts for laseractive and nonlinear-optical materials, offering new attractive strategies for the phase-matched nonlinear-optical frequency conversion and optical switching.
